Chromatin-associated proteins are heterogeneously and dynamically composed. To gain a complete understanding of DNA packaging and basic nuclear functions, it is important to generate a comprehensive inventory of these proteins. However, biochemical purification of chromatin-associated proteins is difficult and is accompanied by concerns over complex stability, protein solubility and yield. Here, we describe a new method for optimized purification of the endogenously expressed fission yeast Set2 complex, histone H3K36 methyltransferase. Using the standard centrifugation procedure for purification, approximately half of the Set2 protein separated into the insoluble chromatin pellet fraction, making it impossible to recover the large amounts of soluble Set2. To overcome this poor recovery, we developed a novel protein purification technique termed the filtration/ immunoaffinity purification/ mass spectrometry (FIM) method, which eliminates the need for centrifugation. Using the FIM method, in which whole cell lysates were filtered consecutively through eight different pore sizes (53-0.8 µm), a high yield of soluble FLAGtagged Set2 was obtained from fission yeast. The technique was suitable for affinity purification and produced a low background. A mass spectrometry analysis of anti-FLAG immunoprecipitated proteins revealed that Rpb1, Rpb2 and Rpb3, which have all been reported previously as components of the budding yeast Set2 complex, were isolated from fission yeast using the FIM method. In addition, other subunits of RNA polymerase II and its phosphatase were also identified. In conclusion, the FIM method is valid for the efficient purification of protein complexes that separate into the insoluble chromatin pellet fraction during centrifugation.
Introduction
Yeast systems are useful for studying the genetics of chromatin factors because genomic modifications and analysis of mutants are relatively easy. Chromatin is comprised of DNA and histone proteins, the latter of which are regulated at the post-transcriptional level by histone-modifying enzymes. Numerous histone-modifying enzymes have been reported to date, and the methylation status of lysine residues at the N-terminal tail of histone H3 determines the transcriptional activity of chromatin [1] . The Set2 methyltransferase protein, which contains a SET domain that methylates lysine 36 of histone H3 (H3K36), plays an important role in transcriptional elongation [2] . Methylation of H3K36 is conserved from yeast to human and is required for recruitment of the Rpd3S histone deacetyltransferase complex (HDAC), which represses cryptic transcription from internal transcription start sites [3, 4] . In addition, an anti-silencing effect of H3K36 methylation that occurs independently of Rpd3S HDAC has also been reported, suggesting an additional, as yet uncharacterized, role of H3K36 methylation [5] . Furthermore, differential effects of histone H2B mono-ubiquitylation and deubiquitylation, H3K4 methylation, and H3K36 methylation on transcription have been reported, suggesting the existence of a complicated interplay between histone-modifying enzymes [6] .
In vitro, Set2 from budding yeast associates with the Ser-2 and Ser-5 phosphorylated carboxyl terminal domain (CTD) of Rpb1, a core component of RNA polymerase II that contains multiple repeats of the consensus heptamer "YSPTSPS", via its Set2-Rpb1 interaction (SRI) domain [7] . Deletion of the SRI domain in Set2 causes defects in H3K36 methylation in vivo [8] , suggesting that its association with RNA polymerase II is required for this histone modification. The SET and SRI domains of Set2 are highly conserved between budding yeast and fission yeast, while conservation of other regions of the protein is very poor. However, in contrast to the budding yeast Set2 complex, only a few studies of fission yeast Set2 have been performed to date [9, 10] .
Recent studies have developed optimized techniques for purifying protein complexes, making it possible to isolate weakly associated proteins [11, 12] . Despite these advancements, purification of chromosome-associated proteins, which migrate into the insoluble pellet during whole cell extract preparation, is still challenging. In some cases, DNase and/or RNase treatment can help to solubilize these proteins, but the majority of chromatin factors still remain in the pellet after treatment. Although single step immunoaffinity purification of the fission yeast Set2 complex using a standard centrifugation procedure to separate the soluble and insoluble fractions (Fig. 1 ) is typically successful, the yield is usually low and the procedure requires large amounts of cells and antibodies. Furthermore, approximately half of the Set2 protein is lost in the chromatin pellet during the centrifugation step required to separate the clear lysate, cell debris and lipids.
High salt concentrations, the addition of detergents, or denaturation of the chromatin pellet are effective strategies for solubilization of proteins [13, 14] ; however, none of these procedures were useful for purifying fission yeast Set2. Similarly, although chromatin shearing by nuclease treatment is an effective technique for purification of core histones [15] , soluble Set2 could not be obtained enough using this method.
The aim of this study was to develop an improved system to overcome the low yield of purified fission yeast Set2 obtained using the standard centrifugation procedure. We developed a novel technique for the preparation of a clear lysate, termed the filtration/ immunoaffinity purification/mass spectrometry (FIM) method, in which the centrifugation step is replaced by consecutive filtration of the sample through descending pore sizes. Here, we describe the details of this technique and compare the results of a mass spectrometry analysis of the purified Set2 complex from fission yeast with those reported previously for purified budding yeast Set2. The results presented suggest that the FIM method is able to capture proteins that associate weakly with Set2.
Materials and methods

Strains and media
The fission yeast strains used in this study were FY2002 (h+ ade6-DN/N leu1-32 ura4-DS/E imr1L::ura4 + otr1R::ade6 + ) [16] carboxyl terminus of Set2, the pFA6a-6xGly-3xFLAG-KanMX4 plasmid [17] was used to amplify the tagging cassette by polymerase chain reaction (PCR). All strains were grown in YES media at 30°C to a final density of 1 × 10 7 cells/ml.
Whole cell extract preparation
Cells were cultured in 4 L of YES media, harvested by centrifugation, washed once with ice-cold phosphate buffered saline (PBS), and then resuspended in 140 ml of 0. immunoprecipitation. For whole cell extracts prepared using the standard centrifugation method, the cell lysates were treated with DNase I and RNase A as described above, and then centrifuged at 39,000 × g for 90 min at 4°C.
Immunoaffinity purification of Set2-FLAG
Before use, 500 µl of Dynabeads Pan Mouse IgG (Invitrogen) were equilibrated in 5 ml of PBS containing 1 mg/ml BSA overnight. The beads were then incubated with 10 µg of anti-FLAG M2 monoclonal antibody (Sigma) for several hours at 4°C. After washing with 0.3 Buffer T, the beads were incubated with 100 ml of whole cell extract at 4°C for 2 h to immunoprecipitate Set2-FLAG. The beads were then washed six times with 25 ml of 0.3
Buffer T and the immunoprecipitated proteins were eluted in 300 µl of 0.3 Buffer T containing 300 µg of 3× FLAG peptide.
Silver staining
After separation through a 5-20% gradient SDS-PAGE gel (SuperSep Ace; Wako), the protein bands were stained using the SilverQuest Silver Staining Kit (Invitrogen) and the basic method recommended by the manufacturer.
Immunoblotting
Membranes were probed with an anti-FLAG M2 monoclonal antibody (Sigma) or an anti-H3 CT rabbit polyclonal antibody (Millipore) at 4°C for 6h. Horseradish peroxidaseconjugated anti-mouse IgG or anti-rabbit IgG (GE Healthcare Life Science) were used as secondary antibodies and chemical luminescence was detected using the LAS digital imaging system (Fuji Film). The results of immunoblotting were quantified as absorbance units using MultiGauge version 2.3 software (Fujifilm).
Liquid chromatography-tandem mass spectrometry
Mass spectrometry was performed as described previously [18] . Briefly, the purified Set2 complex was separated by SDS-PAGE and, after trypsinization of the sliced gel, the protein was analyzed by liquid chromatography-tandem mass spectrometry. The raw data files were analyzed using Mascot software (Matrix Science) and the resulting sequences were used to search the Schizosaccharomyces pombe protein database.
Results
Preparation of insoluble pellet-associated chromatin factors using consecutive filtrations
Set2 is a chromatin factor that associates with the phosphorylated CTD of RNA polymerase II and methylates H3K36 located at the 3' region of transcribed genes; however, its biological role for the transcriptional regulation is still obscure [19] [20] [21] . In the initial experiment, Set2, RNA polymerase II and novel Set2-associated factors were purified from SS259 fission yeast expressing FLAG-tagged Set2 using the standard purification procedure [21] . In this experiment, yeast cells were disrupted using glass beads and the crude extracts were treated with DNase and RNase to shear the chromatin. After nuclease treatment, the cell debris and supernatant were separated by centrifugation (Fig. 1) . Immunoblotting of the pellet and supernatant fractions revealed that almost half of the FLAG-tagged Set2 remained in the pellet after the nuclease treatment ( Fig. 2A) . With the aim of achieving a more efficient recovery of Set2, we developed a consecutive filtration method in which crude extracts were applied to eight filters with descending pore sizes to eliminate cell debris without the need for centrifugation (Fig. 1) . The final filter (0.8 µm) was easily clogged by debris; therefore, purification of the lysates through seven consecutively larger pore size filters was used to reduce the sample preparation time to approximately 90 min. The amount of FLAG-tagged Set2 in the supernatant prepared using the filtration method was markedly higher than that in the supernatant prepared using the centrifugation method ( Fig. 2A) .
Furthermore, immunoblotting revealed that approximately equal amounts of Set2 and H3
were present in the filtered supernatant ( Fig. 2A) . To evaluate the efficiency of Set2 recovery using the two techniques, the total lysate, filtrated lysate, centrifuged supernatant, and centrifuged pellet were serially diluted and analyzed by quantitative immunoblotting.
The amount of Set2 protein in the centrifuged supernatant was approximately 40% of that in the total lysate, while approximately 70% of the total Set2 protein remained in the filtrated lysate (Fig. 2B) . Because detection of weakly associated factors by mass spectrometry requires efficient recovery of large amounts of target proteins, these results suggest that the centrifugation method is unsuitable for preparation of the Set2 complex from fission yeast whole cell extracts.
We then determined the loss of Set2 protein at each of the eight filtration steps.
Samples of the lysate (5 µl) were collected after each filtration and the amount of Set2 protein present in each sample was determined by immunoblotting. After passing through the 5 µm pore size filter, approximately 30% of Set2 was lost (Fig. 3) . This loss may be attributable to the removal of unbroken yeast cells, which are typically 3-4 µm in diameter and 7-14 µm in length and would therefore fail to pass the 5 µm pore size filter.
Identification of Set2-interacting proteins
Next, we compared the efficiencies of immunoprecipitation of Set2 from the filtrated lysate and the centrifuged supernatant. In this experiment, Set2 was immunoprecipitated using an anti-FLAG monoclonal antibody and the Set2-FLAG complex was released from the anti-FLAG antibody by the addition of a thirty-fold excess of 3× FLAG peptides. The amount of Set2 immunoprecipitated from the centrifuged supernatant was 30-40% lower than that immunoprecipitated from the filtrated lysate, which reflected a similar difference in the input fraction (Fig. 4A ). An immunoblot analysis of the immunoprecipitated filtered lysate using an anti-FLAG antibody revealed that full-length Set2-FLAG was recovered as the major band, although some cleaved products were also obtained (Fig. 4B) . A number of Set2-associated proteins were also identified by silver staining of the immunoprecipitated filtered lysate on an SDS-PAGE gel (Fig. 4C) . Affinity purification of a wild-type fission yeast strain (FY2002) using the anti-FLAG antibody produced a low background (Fig. 4C) .
A mass spectrometry analysis revealed that the Set2-FLAG co-immunoprecipitated proteins included Rpb1-5, Rpb7, and Rtr1 (Table 1) .
Discussion
Removal of lipids from whole cell extracts using paper filters
Chromatin comprises DNA and multiple proteins, and its relative density is high. After centrifuging whole cell extracts, chromatin complexes form a solid pellet, making it difficult to purify chromatin-associated proteins such as Set2 using the standard centrifugation procedure. In addition, the large quantities of lipids accrued from broken cells during cell lysis are a further hindrance to protein purification. Although high-speed centrifugation separates the contaminating lipids and produces a clear supernatant, chromatin-associated proteins separate into the insoluble pellet (Fig. 2) , making them difficult to recover. To overcome this problem, we developed a new FIM method to prepare whole cell lysates of fission yeast using consecutive filtering with conventional cellulose filter papers, thereby eliminating the need for a centrifugation step. Filter paper is useful for absorbing lipids in biochemical experiments [22] and the lipid absorbing feature of cellulose is utilized practically in the clinical setting [23] . Therefore, crude lysates were paper-filtrated to remove lipids and cell debris. Clear lysates were prepared from wild-type and Set2-FLAG(3)-expressing yeast strains using the filtration method; subsequent anti-FLAG immunoaffinity purification indicated a low background affinity and efficient recovery of Set2 and its associated factors without the need for centrifugation.
Evaluation of the immunoaffinity-purified Set2 complex
The Set2-associated proteins identified here included Rpb1-5, Rpb7, and Rtr1. Rpb1
and Rpb2 are the largest and second largest subunits of RNA polymerase II, respectively.
These proteins have been identified previously as Set2-associated proteins [19] and, in a study of budding yeast, Rpb1 and Rpb2 were substoichiometrically co-purified with TAPtagged Set2 [20] . Furthermore, Rpb1 and Rpb2 were isolated by Set2-FLAG immunoaffinity purification and 3× FLAG peptide elution of Saccharomyces cerevisiae whole cell lysates [21] . Rpb3 was also co-purified with Set2 [19] .
Rpb4, Rpb5, Rpb7, and Rtr1 were identified here as novel Set2-associating factors.
Rpb4 and Rpb7 form a heterodimer and function as a dissociable submodule of RNA polymerase II [24] . The Rpb4/7 heterodimer binds to ssDNA and ssRNA, and mediates a post-recruitment step in transcription initiation [25] . Co-purification of Set2 and Rpb4/7
suggests functional relationships between H3K36 methylation and dynamic changes in the architecture of the RNA polymerase II complex. Rpb5 binds directly to Rpb1, forming a jaw
with Rpb9 that appears to grip the DNA for transcriptional initiation [26] . Notably, Rpb5 is a common subunit of RNA polymerases I, II and III [27] . Rtr1 is an Rpb1 CTD phosphatase that is responsible for the transition from Ser-5 phosphorylation to Ser-2 phosphorylation during transcriptional elongation [28] . Set2 binds preferentially to the Ser-2-and Ser-5-phosphorylated state of the Rpb1 CTD in vitro [7] . Therefore, Rtr1 may control the interaction between Set2 and Rpb1 in vivo via regulation of Rpb1 CTD phosphorylation.
CTD phosphorylation is dynamically regulated; for example Rpb1 phosphorylated at both Ser-2 and Ser-5 is found only at the 3' sides of genes. Phosphorylation of Rpb1 may alter the stoichiometry or the stability of the RNA polymerase II complex and its interacting proteins.
Set2 seems to associate with a particular state of the RNA polymerase II complex, which may explain why Rpb4, Rpb5, Rpb7 and Rtr1 were identified here as relatively low peptide counts in the affinity-purified sample, and why other RNA polymerase II subunits were not detected by mass spectrometry. Further investigations are required to gain a more complete understanding of the mechanism of Set2 loading to the Rpb1 CTD during transcriptional elongation in vivo.
CONCLUSION
The FIM method, which includes a combination of consecutive filtrations, immunoaffinity purification and mass spectrometry, is useful for purification of the Set2 complex purification and may be beneficial to the purification of other chromatin-associated factors.
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